ABSTRACT We studied the pressure developed by the diaphragm in response to stimulation of the phrenic nerve in the neck, in three normal men. When the phrenic was electrically stimulated at increasing frequencies the diaphragm responded by increasing transdiaphragmatic pressure to give a frequency-pressure curve similar to, the frequency-force curve for other skeletal muscles. The subjects then breathed through an i spiratory resistance for as long as possible and the frequency-pressure curve was repeated. Itl was found that the diaphragm developed low frequency fatigue, in the same way as previously described for other muscles. We conclude that the diaphragm has contractile properties similar to those of other skeletal muscles. Low frequency fatigue of the diaphragm could contribute to respiratory failure in patients with lung disease.
The diaphragm is the most important muscle of respiration. There have been few studies of the contractile properties of this muscle although the response to electrical stimulation has been studied in animals,' and the human diaphragm has been investigated in vitro.2 3 These studies suggested that the contractile characteristics of the diaphragm were similar to those of other skeletal muscles. However, there has been no in vivo study in man. Techniques are now well established for measuring the force of isometric contraction of a large proximal muscle (quadriceps) and a small distal muscle (adductor pollicis) after electrical stimulation at different frequencies-the frequency-force curve. 4 The same technique has been used to investigate the contractile properties of an accessory muscle of respiration-the sternomastoid.5 It is not possible to measure directly the force produced by the contraction of the diaphragm and the best available index of this force is transdiaphragmatic pressure (Pdi). We therefore studied Pdi in response to stimulation of the phrenic nerve in man.
The essential function of muscle is to generate force and thus fatigue can be defined as failure to sustain a given force., In patients with lung disease the diaphragm works against a greatly increased load, and it has been proposed that fatigue of the diaphragm and other respiratory muscles is an important factor in respiratory failure. 7 The nature of such postulated fatigue in the diaphragm has not yet been characterised. When normal subjects breathe through inspiratory resistances the endurance of the diaphragm is a function of the load as in other skeletal muscles.8 A technique for predicting muscle fatigue based on analysis of the electromyographic power spectrum9 10 has been modified to investigate possible fatigue in the diaphragm." It appears that the electromyographic changes occur before the diaphragm fails as a pressure generator.
When skeletal muscles sustain a high load for a prolonged period their contractile properties are altered and can remain so for several hours. In particular forces generated by electrical stimulation at low frequencies are reduced and thus the frequency-force curve of the muscle becomes shifted to the right; this has been called "low frequency fatigue."112 Normal subjects can develop low frequency fatigue in the sternomastoid muscle after breathing through an inspiratory resistance. 5 We therefore restudied the Pdi in response to phrenic stimulation after inspiratory loads to see if the diaphragm also developed low frequency fatigue.
Methods muscle weakness. To ensure maximum relaxation they were studied upright, leaning backwards on a board inclined at 100 to the vertical, with their arms resting on supports.
PHRENIC NERVE STIMULATION
A reference electrode (anode) was applied to the manubrium. The right phrenic nerve was stimulated in the root of the neck immediately posterior to the sternomastoid muscle using a surface probe electrode (cathode), 5 mm in diameter, covered with a saline-soaked cloth (fig 1) . This caused contraction of the right hemidiaphragm. During electrical stimulation the electrode was held firmly in position by the subject who was being studied. The phrenic nerve was stimulated with unidirectional square wave impulses of 100 ,us duration and 20-50 volts, in a continuous sequence at 1, 10, 20, 50, and 100 Hz. Stimulation was for two seconds at each frequency and the complete sequence was repeated several times during each experimental session and also on separate days, to test the reproducibility of the frequency-pressure relationship. In order to ensure phrenic nerve stimulation was similar before and after loading, the electromyogram (EMG) was recorded by means of surface disc electrodes 1 cm diameter placed in the right sixth and seventh intercostal spaces 3 cm from the costal margin. During stimulation of the phrenic nerve there is contraction of the local neck muscles and the electrode can be displaced from the phrenic nerve, particularly at high stimulation frequencies. If the electrode loses contact with the nerve the diaphragm EMG fades and the EMG is therefore an important indication that excitation of the diaphragm has been satisfactory. Results that showed any fade of diaphragmatic EMG were discarded.
TRANSDIAPHRAGMATIC PRESSURE Gastric pressure (Pg) and oesophageal pressure (Poes) were measured using balloons passed through the nose into the stomach and lower oesophagus.13 14 Transdiaphragmatic pressure was derived by subtracting Poes from Pg and was defined as zero at resting end-expiration.
Magnetometers were used to ensure that the shape and length-that is, muscle fibre lengthof the diaphragm was constant during phrenic nerve stimulation. Two pairs of magnetometers were applied to the chest wall, anteriorly and posteriorly, one pair at the level of the lower end of the sternum and the other pair at the level of the umbilicus. The output of the magnetometers was displayed on a large oscilloscope in front of the subject so that the shape of the ribcage and abdomen (and hence the diaphragm) could be returned to exactly the same configuration for each phrenic stimulation. To minimise diaphragmatic shortening, and thereby ensure isometric contraction, the abdomen was strapped and the glottis kept closed during stimulation.
The data from the EMG, magnetometers, 
